Modeling of Heat Conduction in Thermoplastic Honeycomb Core/Face Sheet Fusion Bonding  by Xinyu, Fan et al.
  
Chinese 
Journal of 
Aeronautics 
Chinese Journal of Aeronautics 22(2009) 685-690 www.elsevier.com/locate/cja
Modeling of Heat Conduction in Thermoplastic Honeycomb 
Core/Face Sheet Fusion Bonding 
Fan Xinyua, Li Yubinb,*, Li Juana, Yan Chuna, Li Kec 
aKey Lab of Polymer Materials, Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China 
bSchool of Materials Science and Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China 
cXi’an Long Technology & Development Co., Ltd, Xi’an 710075, China 
Received 7 November 2008; accepted 4 May 2009 
Abstract 
Honeycomb sandwich materials have been widely used in aerospace industry as secondary structural materials or interior pan-
els. Recently the research of full thermoplastic honeycomb sandwich materials has been of interest due to their recyclability. In 
their production, they usually demand an adhesive-free process, namely fusion bonding, to connect thermoplastic honeycomb 
core and face sheets. It is a heat induced process where a parameter of temperature should be well controlled to guarantee the 
product quality. This article presents a mathematical model of heat conduction to analyze the transient temperature distribution 
from heating tools towards inner part of the core under fusion bonding conditions. In order to simplify the complexity of 3D 
honeycomb geometry, a homogenization method is used to obtain average thermal properties of the honeycomb along the major 
heat flux direction. The model is validated by comparing with the results of in-situ temperature measurement during fusion 
bonding. The presented model can also be applied to analyzing general out-of-plane heat conduction through honeycomb 
sandwich structures made from other materials. 
Keywords: honeycomb structures; heat conduction; homogenization method; welding 
1. Introduction1 
Sandwich materials made of thermoplastic honey-
comb and face sheets are light in weight, offering rela-
tively lower price and possibly also making for easier 
recycling. Although this material is rarely used in 
highly loaded structures, it can be useful in advanced 
interior panels, such as aerospace or automotive panels. 
Their main advantage is the convenience of achieving 
a good interfacial bond between the honeycomb and 
the face sheets throughout a fusion bonding process, 
where a well-controlled heating/cooling process is 
needed. A double-belt laminator is usually used in the 
fusion bonding of thermoplastic sandwich panels. A 
stack of honeycomb core and face sheets is transferred 
ķ through a group of contact heating elements to be 
heated up to a certain temperature, and ĸ through 
another group of cooling elements to get down the 
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material temperature. During the process, temperature 
needs to be monitored throughout these two stages. 
Hence, potentialities of overheating, which can cause 
honeycomb cell walls to collapse, will be prevented by 
an appropriately designed heating/cooling strategy. 
The final panel subsequently leaves the laminator with 
fusion-bonded honeycomb and face sheets. Fig.1 de-
picts a schematic diagram of the process. Although the 
process appears to be simple, numerous process vari-
ables such as material type, thicknesses of face sheet 
and honeycomb, belt speed, heating and cooling tem-
peratures can affect the panel quality.  
 
Fig.1  Schematic view of fusion bonding process. 
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Regarding the heat transfer behavior during fusion 
bonding, several researchers reported their studies 
dealing with compression moulding of thermoplastic 
sandwich materials[1-4]. Among them, A. Trende, et 
al.[1-2] developed a 1D heat transfer model to predict 
the temperature evolution during thermoplastic com-
posites manufacturing using a double-belt press. A 
boundary temperature model is used, together with in- 
situ temperature measurement at a single set point, to 
determine the temperature inside composites during 
the heating process. In the boundary temperature mod-
el, they applied an assumption of uniform energy 
generation per unit volume in each temperature zone. 
M. Akermo, et al.[3-4] developed a 2D finite difference 
model in terms of heat transfer through a thermoplastic 
honeycomb sandwich panel during compression 
moulding. An axial symmetric model was developed 
for the honeycomb part to replace the real hexagonal 
structure by a tubular structure. It was proved fairly 
correct by experimental verification. Moreover, some 
other articles dealt with not only the heat transfer be-
havior, but also some polymer thermal phenomena, 
such as crystallization and consolidation, for pultru-
sion and other general thermoplastic composites proc-
esses[5-13]. 
This article presents a 1D heat conduction model, 
analyzing transient temperature distribution from the 
heating tool towards the inner part of the honeycomb 
core under fusion bonding conditions. In order to sim-
plify the complexity of three dimensional honeycomb 
geometry, a homogenization method is used to obtain 
average thermal properties, namely thermal conductiv-
ity, specific heat and density, of the honeycomb sand-
wich along the major heat flux direction. Finite differ-
ence method is used to discretize the whole heat trans-
fer fields. Numerical results are compared with in-situ 
temperature measurement to establish the validity of 
the assumptions made in the model. 
2. Heat Conduction Model 
2.1. Assumptions 
This model is only valid when the following as-
sumptions are taken into account: ķ Both width and 
length of the honeycomb panel should be much larger 
than the size of a single cell. Thus the honeycomb 
panel can be treated as homogenized material in 
thickness direction. ĸ The transverse heat conduction 
from one cell to adjacent cells is neglected. Hence, the 
heat flux is mainly through the honeycomb thickness 
direction. Ĺ Convection is not considered during the 
process, because the belts contact both surfaces of the 
sandwich panel. ĺ The trapped air inside the honey-
comb is treated as a solid material to conduct heat, and 
the internal air circulation is neglected. Ļ Heat trans-
fer from the heating tool to the honeycomb occurs ex-
clusively via conduction. ļ Heat transfer between cell 
walls and trapped air is neglected, as the temperature 
difference between them is slight, and the air density is 
very small. Ľ The upper and lower heating/cooling 
tools have identical capacity. Therefore half-thick 
honeycomb and one-side heating/cooling tools are 
modeled for sake of symmetry. ľ The melting of 
polymer crystals does not influence the heat transfer 
behavior, as the heating power is much larger than the 
power needed for the melting. In order to melt the face 
sheet and tip end of cell walls, which have in total the 
weight of about 200 g/m2 polypropylene (PP) materials, 
the extra heating power needed for melting can be 
calculated in terms of the specific melting enthalpy 
Hmp= 59 J/g, belt speed 5 m/min, laminator width   
0.6 m, and also the area weight of melting polymer 
200 g/m2. Hence it is calculated about 491 W heating 
power for the polymer melting, whereas the total heat-
ing power provided by the machine is about 10 kW. 
The machine’s heating power is much larger than the 
heating power needed for the melting.  
2.2. Model description 
Three entities are modeled for the temperature cal-
culation, namely heating/cooling tools, PTFE belt and 
homogenized honeycomb sandwich panel (see Fig.2). 
 
Fig.2Schematic diagram of modeled domains. 
According to the symmetric condition, the modeled 
area starts from the centre of the honeycomb, where  
z = 0; to the center of the heating/cooling tools, where  
z = ds/2 + db + de/2. ds, db, de are the thicknesses of the 
sandwich panel, the belt and the heating/cooling tools, 
respectively. The model includes temperature-depen- 
dent T material thermal properties, such as thermal 
conductivity k(T) and specific heat capacity Cp(T). The 
1D transient heat conduction inside the aforemen-
tioned three entities is expressed as follows[14]: 
2
p, 2( ) ( ) ( )i i i i
T TT C T k T H
t z
U w w w w       (1) 
where i represents different material domains in the 
model, U is the material density, and t the time. The 
last term Hi of Eq.(1) is the material specific enthalpy 
of any phase change, which is neglected due to the 
assumption ľ mentioned above. To solve Eq.(1) for 
the three domains in the model, the initial temperature 
and boundary conditions should be specified first. 
Three types of boundary conditions described in the 
following are applied in the model: 
(1) Dirichlet condition 
The temperature is a constant value at the mid-plane 
of the heating/cooling element: 
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heat s b e heat(at / 2 /2, : 0 )T T z d d d t t    o   (2) 
cool s b e heat cool(at / 2 / 2 ,  : )T T z d d d t t t    o (3) 
The temperatures Theat, Tcool and the times theat, tcool 
are schematically depicted in Fig.3. During the cooling 
stage, it must be noted that such constant temperature 
is not precisely true, because the cooling tool consists 
of several inner tubes with running water inside. 
However, modeling the real cooling tool, such as the 
geometry of the tubes and flowing water, will bring 
enormous difficulties to the 1D model. We try to keep 
problems simplified here to reach the solution. 
 
Fig.3  Schematic view of heating/cooling temperature and 
time. 
(2) Robbins condition 
At the contact of the heating/cooling tool and the 
belt, where z = ds/2 + db, the heat flux across this in-
terface is modeled with the presence of contact con-
ductance heb, and the temperature difference between 
two contacting surfaces: 
s be ( 2 ) eb e b
( ) ( )z d d
Tk T h T T
z   
w  w       (4) 
s bb ( 2 ) eb b e
( ) ( )z d d
Tk T h T T
z   
w  w       (5) 
where ke, kb are the thermal conductivities of the heat-
ing/cooling tool and the belt. Te, Tb are the tempera-
tures of the tool and the belt at the contacting surface. 
“+” and “–” denote the positions infinitesimally close 
to z of a specific value. The conserved heat flux 
through the interface yields the following equation: 
s b s be ( 2 ) b ( 2 )
( ) ( )z d d z d d
T Tk T k T
z z     
w w w w    (6) 
Similar equations are presented below, describing 
the contact of the belt and the homogenized honey-
comb sandwich panel, where z=ds/2: 
sb ( 2) bs b s
( ) ( )z d
Tk T h T T
z  
w  w         (7) 
 
ss ( 2) bs s b
( ) ( )z d
Tk T h T T
z  
w  w          (8) 
s sb ( 2) s ( 2)
( ) ( )z d z d
T Tk T k T
z z   
w w w w      (9) 
where ks is the thermal conductivity of the homoge-
nized sandwich panel, hbs the contact conductance be-
tween the belt and the panel, Ts and Tb are the panel 
and belt temperatures at the contacting interface. Ho-
mogenization of the honeycomb sandwich panel will 
be discussed in later section. 
(3) Neumann condition 
At the middle plane of the panel, where z = 0, the 
temperature gradient is given as zero, according to the 
symmetric condition. Thus, there is no heat flux 
through the horizontal symmetric line of the honey-
comb. It can also be considered as an ideal thermal 
insulation: 
00  w
w
 zz
T              (10) 
2.3. Homogenization of honeycomb sandwich panel 
In this study, one unit cell is used to calculate the 
homogenized thermal properties of the panel by as-
suming no in-plane heat flux between adjacent cells. 
The geometry of the unit cell cross section is indicated 
in Fig.4. The cell size is expressed as the cell segment 
length L. 
 
Fig.4  Geometry of a honeycomb unit cell. 
The homogenized honeycomb density can be calcu-
lated on the basis of the volume fractions of the ap-
plied polymer and the trapped air in the unit cell. Be-
cause one third of the cell walls have doubled thick-
ness, Uh can be described as 
c c
h p a2 2
4 4
( ) ( ) ( )(1 )
3 cos30 3 cos30
Lt Lt
T T T
L L
U U U  D D (11) 
where Up and Ua are densities and volume fractions of 
the thermoplastic polymer and trapped air. L and tc are 
the cell segment length and the single cell wall thick-
ness, shown in Fig.4. The homogenized density of the 
panel Us should also take the face sheet densityҏ Up into 
account, thus it should be described as: 
s h s f s p f s( 2 ) / 2 /d t d t dU U U          (12) 
where tf is the thickness of the face sheet. The ho-
mogenized specific heat of the sandwich panel Cp,s can 
be calculated from the thermoplastic polymer and the 
trapped air’s specific heat Cp,p, Cp,a, and their weight 
fractions. Since the air weight fraction is very small, 
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Cp,s is considered the same as Cp,p. Following the work 
of Degionanni[15], the homogenized sandwich panel 
conductivity ks(T) is deduced from the unit cell heat 
resistance Rs(T) through the height direction, ex-
pressed as follows: 
2s
s s
s s
2
( ) , 3 cos 30
( )
d
k T A L
R T A
  D       (13) 
where As is the cross-section area of the unit cell. Rs(T) 
is determined by using an electrical analogy method, 
which consists of heat resistance values of each com-
ponent materials in the unit cell. As depicted in Fig.5, 
the heat flux first goes through the face sheet, then 
splits into two parallel streams through the trapped air 
and cell walls. The heat flux direction is through the 
thickness direction of the panel. 
 
Fig.5Schematic view of heat resistance analogy through 
honeycomb sandwich panel. 
Rs(T) thus can be formulated as 
w a
s f
w a
( ) ( )
( ) ( )
( ) ( )
R T R T
R T R T
R T R T
         (14) 
where a af aa( ) ( )R T R R T  ; Rf(T ), Rw(T ) and Ra(T ) 
are thermal resistance of the face sheet, the cell wall 
and the trapped air. Ra(T ) is a sum of Raf(T ) and 
Raa(T ), which is the contact resistance with the face 
sheet, and the thermal resistance of air itself. Raf can be 
calculated from the interfacial contact conductance haf 
between the air and the face sheet, together with As 
minus cell wall cross-section areas. Hence, Rf(T ), 
Rw(T ), Raf, Raa(T ) can be expressed as follows: 
f
f 2
p
( )
( ) (3 cos30 )
tR T
k T L
  D           (15) 
     s cw
p c
2
( )
( ) (4 )
d t
R T
k T Lt
              (16) 
af 2
af c
1
(3 cos30 4 )
R
h L Lt
 D           (17) 
  s caa 2
a c
2
( )
( ) (3 cos30 4 )
d t
R T
k T L Lt
  D       (18) 
where kp(T ) is the thermal conductivity of solid mate-
rial of honeycomb core, namely PP material in this 
article. Finally, the homogenized sandwich panel 
thermal conductivity ks(T ) can be obtained from 
aforementioned equations. 
2.4. Modeling implementation 
The 1D heat conduction model with initial state and 
boundary conditions given in Eqs.(1)-(10) is solved 
numerically by using the finite difference approxima-
tion of derivatives implemented by MATLAB coding. 
The central differences are used instead of forward or 
backward differences to obtain better accuracy. Hence 
Eq.(1) can be discretized as follows: 
, 1 , 1
, p, ,
1, , 1,
, 2
( ) ( )
2
2
( )
i j i j
n i j n i j
i j i j i j
n i j
T T
T C T
T T T
k T
h
U W
 
 
  
 
'         (19) 
where the subscript n represents the different materials 
in the model; the first subscript i of temperature T de-
notes the position sequence, while the second subscript 
j is the time sequence. Ĳ is the time increment in the 
calculation; ǻh is the mesh size in z direction. Tem-
perature-dependent thermal properties are modeled by 
using constant values at several defined temperature 
points and linear interpolation for the values in be-
tween. 
3. Materials 
The height of the produced honeycomb sandwich 
panel ds is 8 mm. The cell size, which is the length of a 
cell-wall segment L, is 3.7 mm. The cell wall thickness 
tc is 0.16 mm. And one third of the cell walls have 
doubled thickness, i.e., 0.32 mm. The thickness of the 
face sheet tf is 0.2 mm. The entire honeycomb panel 
has a width of 600 mm, which is much larger than the 
cell size. The thicknesses of the PTFE belt db and the 
aluminum heating/cooling tool de are 0.3 mm and 8 
mm respectively. The honeycomb and the face sheet 
are made from the same PP material with 15% Talc 
filler. Thermal properties of the PP, PTFE belt, alumi-
num heating/cooling tool and air at 23 ºC are listed in 
Table 1. The constant values of various heat conduc-
tances and boundary conditions for the model calcula-
tion are listed in Table 2. 
4. In-situ Temperature Measurement 
A 200 mm × 200 mm honeycomb panel with two 
face sheets is selected to perform in-situ temperature 
measurement. The panel is fed into the double-belt 
laminator together with three inserted thermocouples 
at different positions, to record temperature profiles 
during the process. Three thermocouple positions are: 
ķ TC1 between heating/cooling tools and the belt,   
z = ds/2 + db; ĸ TC2 between the belt and the panel,  
z = ds/2; Ĺ TC3 at the center of the honeycomb, z = 0. 
The obtained temperature profiles are compared to the 
numerical results from 1D model. 
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Table 1 Thermal properties of applied materials (T=23 ºC) 
Parameter Value Reference
Density ȡp 0.9×103 kg/m3 [16] 
Thermal     
conductivity kp 
0.2 W/(m·ºC) [16] 
Specific heat Cp,p 1.9 J/(g·ºC) [16] 
Polypro-
pylene 
Melting point Tm,p 166 ºC 
Measured 
in DSC 
Density ȡb 2.2×103 kg/m3 [16] 
Thermal     
conductivity kb 
0.24 W/(m·ºC) [16] PTFE belt 
Specific heat Cp,b 1.05 J/(g·ºC) [16] 
Density ȡe 2.7×103 kg/m3 [17] 
Thermal    
conductivity ke 
237 W/(m·ºC) [17] 
Aluminum 
heating/ 
cooling 
tool 
Specific heat Cp,e 0.89 J/(g·ºC) [17] 
Density Ua 1.18 kg/m3 [18] 
Thermal    
conductivity ka 
0.026 W/(m·ºC) [18] Air 
Specific heat Cp,a 1.01 J/(g·ºC) [18] 
Density Us 65.1 kg/m3 Eq.(12) 
Thermal     
conductivity ks 
0.047 W/(m·ºC) Eq.(13) 
Homoge-
nized 
sandwich 
panel 
properties Specific heat Cp,s 1.9 J/(g·ºC)  
Table 2  Constants for 1D model calculation 
Constant Value Reference 
Heating/cooling 
tool to belt heb 
600 W/(m2·ºC) [2] 
Belt to sandwich 
panel hbs 
150 W/(m2·ºC) [4] 
Contact 
conductance 
Air to face sheet haf 50 W/(m2·ºC) [19] 
Heating tool Theat 210 ºC  
Cooling tool Tcool 40 ºC  
Belt Tb 45 ºC  
Initial 
temperature 
Sandwich panel Ts 22 ºC  
Heating time theat 8 s  Process 
time Cooling time tcool 12 s  
5. Results and Discussion 
During the fusion bonding, the preset heating tem-
perature of the laminator is 210 ºC. The equilibrium 
cooling temperature is about 40 ºC. The sandwich 
panel undergoes heating and cooling for 8 s and 12 s 
respectively. The time might be subjected to a slight 
variation depending on the speed of the belt. Fig.6 
depicts the numerical results and the measured 
temperature profiles from TC1 to TC3. 
As one can see during the 8 s heating, the measured 
results agree with the 1D model fairly well at those 
three positions. The temperature at the top of the hon- 
 
  (a) TC1 
 
  (b) TC2 
 
  (c) TC3 
Fig.6  Numerical results and measured temperature profiles 
from TC1 to TC3. 
eycomb reaches 165 ºC (Fig.6(b)), the melting point of 
the PP material needed for honeycomb/face sheet fu-
sion bonding. The temperature at the center of the ho-
neycomb rises up to only 60 ºC, where the PP cell 
walls are still sufficiently stiff to resist the pressure 
applied upon the honeycomb without risk of cell wall 
collapsing. This is quite critical to a successful bond-
ing for the process. During the 12 s cooling stage, the 
measured temperatures do not have very good agree-
ment with the model at TC1 and TC2 (Fig.6(a) and 
Fig.6(b)). That might be due to the complexity of the 
cooling tool. The applied cooling condition in the 
model does not accurately reflect the reality. Never-
theless, for the honeycomb central area TC3 (Fig.6(c)), 
the discrepancy between the model and measurement 
is still very small. This is just what is wanted by 
producers, for it is the honeycomb central area where 
the temperature must be kept low enough during the 
cooling stage to ensure higher mechanical stiffness 
under belt pressure. Therefore, the 1D model is still 
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belt pressure. Therefore, the 1D model is still applica-
ble for both the heating and cooling stages of the 
process. Based on this model, one can predict the 
temperature distribution during the process for various 
material properties and geometries. Thus, optimization 
of heating/cooling strategy can be easily obtained by 
running the model for a certain amount of times. 
6. Conclusions 
Fusion bonding technique provides an adhesive-free 
process, connecting thermoplastic honeycomb core 
and face sheets in the production of full thermoplastic 
sandwich panel. Temperature should be precisely con-
trolled during the process to guarantee the product 
quality. This study develops a 1D heat conduction 
model to analyze transient temperature distribution 
from the heating tool towards the inner part of the 
honeycomb core under fusion bonding conditions. In 
order to simplify the 3D honeycomb and face sheet 
geometry, a homogenization method is used to obtain 
average thermal properties of the honeycomb sand-
wich along the major heat flux direction. An in-situ 
temperature measurement at three different positions is 
performed to compare with the modeling results for 
the PP honeycomb and face sheet material. It is dis-
covered that the measured temperature results match 
the predicted ones well, especially during the heating 
stage. At the cooling stage, the model still keeps valid 
particularly at the center part of the honeycomb, where 
the producer always pays special attention during cool-
ing. This model can also be applied to a wide range of 
honeycomb and face sheet materials, if they can be 
fusion bonded in the double-belt laminator. 
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